We report the characterization of the ccpA gene of Lactobacillus plantarum, coding for catabolite control protein A. The gene is linked to the pepQ gene, encoding a proline peptidase, in the order ccpA-pepQ, with the two genes transcribed in tandem from the same strand as distinct transcriptional units. Two ccpA transcription start sites corresponding to two functional promoters were found, expression from the upstream promoter being autogenously regulated through a catabolite-responsive element (cre) sequence overlapping the upstream ؉1 site. During growth on ribose, the upstream promoter showed maximal expression, while growth on glucose led to transcription from the downstream promoter. In a ccpA mutant strain, the gene was transcribed mainly from the upstream promoter in both repressing and non repressing conditions. Expression of two enzyme activities, ␤-glucosidase and ␤-galactosidase, was relieved from carbon catabolite repression in the ccpA mutant strain. In vivo footprinting analysis of the catabolite-controlled bglH gene regulatory region in the ccpA mutant strain showed loss of protection of the cre under repressing conditions.
phorylated by enzyme I at histidine 15 and transfers the phosphoryl group to the sugar-specific enzyme IIAs. In Bacillus subtilis, the gram-positive bacterium used most frequently in CCR studies, HPr is phosphorylated at serine 46 during growth on glucose. This ATP-dependent phosphorylation is carried out by HPr kinase, which appears to be the key component in signal transduction leading to CCR (28) . The seryl-phosphorylated HPr enhances the binding of CcpA to cre sequences within regulatory and coding regions of catabolite-controlled genes, leading to repression of gene expression (5) . In other systems CcpA-cre binding is enhanced by high concentrations of early glycolytic intermediates such as glucose-6-phosphate (9) or by a combination of seryl-phospharylated HPr and NADP (14) . In addition to HPr, an HPr-like protein called Crh (catabolite repression HPr) was shown to participate in CCR (24) .
CcpA is a master regulator which can function either as a repressor or as an activator of transcription. Activation was shown in the expression of genes involved in excretion of excess carbon, such as ackA of B. subtilis, and in the expression of the las operon of Lactococcus lactis (19, 33) . This activating function of CcpA accounts for the fact that disruption of the ccpA gene in L. lactis and B. subtilis not only reduces catabolite repression of several target genes but also decreases the growth rate on both PTS and non-PTS sugars. Recent data show that independent mutations in the Bacillus megaterium ccpA gene separate growth effects from catabolite repression (15) . Moreover, gene activation mediated by CcpA is responsible for adaptation of L. lactis to low temperature (35) .
CcpA and homologues have been identified in various grampositive bacteria, including B. subtilis (11) , B. megaterium (13) , Lactobacillus casei (27) , Lactococcus lactis (19) , Lactobacillus pentosus (20) , Streptococcus mutans (32) , Enterococcus faecalis (16) , and Streptococcus thermophilus (34) . In all of these ex-amples except S. mutans, glucose repression was relieved in ccpA mutant strains.
We report here the identification of the ccpA gene of L. plantarum. Expression of the gene is driven from two promoters, with the distant promoter autogenously regulated through a cre sequence overlapping the upstream ϩ1 site. A ccpA null mutation negatively affected growth on glucose and relieved from CCR the expression of ␤-glucosidase and ␤-galactosidase activities.
MATERIALS AND METHODS
Bacterial strains. L. plantarum LM3 (K. Thompson, K. McConville, L. McNeilly, C. Nicholson, and M. Collins, Abstr. 6th Symp. Lactic Acid Bacteria Genet. Metab. Appl., p. E5, 1999) was used throughout this study. L. plantarum was grown in MRS medium (prepared without carbon source) supplemented with 2% glucose, 1% ribose, 1% lactose, or 0.4% salicin. When needed, erythromycin (5 g ml Ϫ1 ) or chloramphenicol (10 g ml
Ϫ1
) was added to the MRS medium. The Escherichia coli TG1 was used for plasmid cloning.
DNA amplification, cloning, and sequencing. Total DNA from L. plantarum LM3 was prepared as described elsewhere (17) and used as the template in PCR with primers A1 (5Ј-GGAATTCGTGTCGATGGCAACGGTTTCT-3Ј) and A2 (5Ј-CGTCTAGACGCATCGCTACTGCACCAAT-3Ј) to amplify the ccpA internal fragment. The two primers were designed on the basis of the B. megaterium ccpA sequence; primer A1 was the coding sequence for the central part of the helix-turn-helix domain, and primer A2 was the coding sequence for the N-terminal conserved domain of the protein. PCR was carried out with 35 amplification cycles of 1 min at 94°C, 1 min at 40°C, and 2 min at 72°C. The PCR amplification product, an 891-bp fragment, was cloned into the EcoRI-XbaI sites of pJDC9 (4) to yield plasmid pLM1. The 891-bp fragment was sequenced and used to probe an enriched EcoRI-SalI L. plantarum chromosomal DNA library constructed with pUC19 as the recipient vector. A positive recombinant clone, yielding plasmid pLM10, was used to complete sequencing of the ccpA 3Ј end and its flanking region. The 5Ј end of the gene was sequenced directly on chromosomal DNA as follows. An enriched 6-kb SalI fragment, hybridizing with the ccpA probe, was purified from an agarose gel and precipitated with 12% polyethylene glycol 6000-1.5 M NaCl; 500 ng of this DNA fraction was used for direct sequencing with a Thermo Sequenase radiolabeled terminator cycle sequencing kit (U.S. Biochemicals). PCR was carried out with 60 amplification cycles of 30 s at 95°C, 30 s at 42°C, and 1 min at 72°C.
Primer extension and Northern blot analysis. Total RNA from L. plantarum cells grown to mid-exponential phase on MRS medium supplemented with 2% glucose or 1% ribose was isolated as described by Leong-Morgenthaler and coworkers (18) . Primer extension products of bglH and ccpA transcripts were obtained using oligonucleotides SP1 (5Ј-GCCACCTGGTAACCGATCCGC-3Ј) and A3 (5Ј-GCGGGTTTAACGTTGGGATTACC-3Ј), respectively. The experiment was performed as described previously (23) . Northern blotting was performed on total RNA extracted from cells grown on ribose, using the 891-bp internal fragment of the ccpA gene as the probe. The experiment was performed as described elsewhere (31) .
Plasmid construction. Plasmid pLM2 was constructed as follows. The C1Ј (399-bp) and the C2Ј (433-bp) regions of the ccpA gene were individually amplified from L. plantarum chromosomal DNA by PCR and cloned in the SacISmaI and SalI-HindIII sites of plasmid pJDC9 (4), respectively, in the same transcriptional orientation. C1Ј corresponds to the 5Ј portion of the gene lacking initial 36 bp of the coding sequence; C2Ј corresponds to the 3Ј portion lacking the last 91 bp. The cat cassette was inserted between the C1Ј and C2Ј fragments in the SmaI-SalI sites to yield plasmid pML2. Electrotransformation of L. plantarum with the integration plasmid pLM2 was performed as described elsewhere (17) .
␤-Glucosidase assay. L. plantarum strains were grown to mid-exponential phase in MRS medium (50 ml) supplemented with either 2% glucose or 0.4% salicin, washed twice with 150 mM NaCl, and resuspended in 1 ml of 50 mM phosphate buffer, pH 6.2. Appropriate aliquots of cell suspensions were added to 800 l of 30 mM salicin in phosphate buffer. After 20 min of incubation at 30°C, the reaction was stopped by addition of 500 l of 1 M Na 2 CO 3 . The production of saligenin from salicin was detected as described elsewhere (21) .
␤-Galactosidase assay. L. plantarum strains were grown to mid-exponential phase in MRS medium supplemented with 1% lactose, glucose, ribose, or lactose plus glucose. ␤-Galactosidase activity was detected on whole cells permeabilized with chloroform and sodium dodecyl sulfate as described by Miller (25) , with o-nitrophenyl-␤-D-galactopyranoside as a substrate.
In vivo footprinting. L. plantarum cells were grown overnight in MRS medium supplemented with 0.4% salicin or 2% glucose. Cells were then diluted 1:100 and grown to mid-exponential phase. Methylation was performed by adding freshly diluted dimethyl sulfate (DMS; Aldrich) to a final concentration of 0.1% for 3 min at 30°C with shaking. The methylation reaction was stopped by adding an equal volume of ice-cold saline phosphate buffer (150 mM NaCl, 40 mM K 2 HPO 4 , 22 mM KH 2 PO 4 [pH 7.2]). Cells were harvested by centrifugation at 10,000 ϫ g for 10 min and washed twice with saline phosphate buffer. Chromosomal DNA was purified as described previously (17) . Contaminating RNA was removed by treatment with RNases A and T 1 followed by precipitation with polyethylene glycol 6000 (31) .
Breakage points of the modified DNAs were revealed by a primer extension method adapted from Brewer and coauthors (2) as follows. A linear PCR using Taq polymerase was performed on chromosomal DNAs. Primer SP2 (5Ј-GCG GTATGGCTTCATCTATGTCG-3Ј) was used to probe the bottom strand of the bglH gene (22) . End labeling was performed with (␥-32 P)ATP and T4 polynucleotide kinase as described elsewhere (31) . The primer extension reaction was carried out in a volume of 20 l containing 150 ng of chromosomal DNA, 0. The linear PCR and analysis of the products were performed as described previously (22) .
Nucleotide sequence accession number. The sequence of a 1,691-bp fragment, containing the ccpA gene and the 5Ј end of the pepQ gene, was deposited in the EMBL databases under accession no. AJ310777.
RESULTS AND DISCUSSION
The ccpA locus of L. plantarum. We isolated an 891-bp internal fragment of the L. plantarum ccpA gene by amplification of chromosomal DNA with two oligonucleotides designed on the basis of the B. megaterium ccpA sequence (see Materials and Methods). The 891-bp ccpA fragment was used to probe an enriched EcoRI-SalI L. plantarum chromosomal DNA library. Among the positive clones, one containing plasmid a Means of three independent experiment for which standard deviations did not exceed 5%. OD 600 , optical density at 600 nm. pLM10 carrying a 1.5-kb chromosomal fragment was isolated. The sequence analysis of the 1.5-kb fragment revealed the complete 3Ј end of the ccpA gene. The nucleotide sequence of the ccpA 5Ј end was completed by direct sequencing of an enriched 6-kb SalI fragment of chromosomal DNA. The deduced amino acid sequence (336 amino acids) showed 95% identity with CcpA of L. pentosus (20) and 63% identity with CcpA of L. casei (27) . Downstream of the ccpA gene, an open reading frame whose putative product showed 69% identity with the proline peptidase coded by the L. pentosus pepQ gene was found. The ccpA and pepQ genes were found to be transcribed in the same orientation but on two separate transcriptional units, as determined by Northern blotting, by nucleotide sequence, and by primer extension analysis of the ccpA (see below) and pepQ (not shown) transcripts. Primer extension of the pepQ transcript allowed the determination of the promoter sequence and of the ϩ1 transcriptional start, with the Ϫ35 sequence occurring 26 bases downstream of the ccpA stop codon (not shown). Northern blot analysis using the 891-bp internal fragment of the ccpA gene as probe showed the appearance of a single band of about 1.1 kb, indicating that ccpA is transcribed on a monocistronic unit (not shown). The finding that the gene order in L. plantarum is ccpA-pepQ, with the two genes transcribed in tandem, is quite surprising, since in all lactic acid bacteria so far analyzed, including the closely related L. pentosus, the gene order is pepQ-ccpA, with the two genes divergently transcribed (20, 34) .
Disruption of the chromosomal ccpA gene. To assess the role of CcpA in L. plantarum, we isolated a strain carrying a null mutation in the ccpA gene. Due to instability of mutants carrying sequence duplications derived from one-step chromosomal integration of suicide vectors (R. Marasco, unpublished data), we used a two-step homologous recombination process (7) leading to stable chromosomal disruption of ccpA. A copy of the ccpA gene truncated both at 5Ј and 3Ј ends and inter- rupted by the chloramphenicol resistance gene (cat) was cloned in the pJDC9 integrating vector, yielding plasmid pLM2. Clones in which the integration event had occurred were selected as chloramphenicol-erythromycin-resistant strains after electroporation of L. plantarum cells with plasmid pLM2 and were confirmed by PCR. Among these we chose clone LM3-1, in which the integration had occurred between the 3Ј end of the ccpA fragment of pLM2 and the homologous chromosomal sequence. L. plantarum LM3-1 cells were grown in the presence of chloramphenicol for 40 generations, and the second homologous recombination event leading to excision of the plasmid was screened as loss of erythromycin resistance.
We chose for further analysis one such strain, LM3-2, after confirming the excision event by PCR. Effects of the ccpA null mutation. To study the effects of the ccpA mutation on the regulation of catabolic pathways, the growth rate and two enzyme activities, ␤-glucosidase and ␤-galactosidase, were monitored under various growth conditions in the wild type and mutant strain.
The doubling time of the mutant strain was higher than that of the wild type with all sugars tested (glucose, ribose, and lactose), with a major effect found with glucose (data not shown). These growth defects found in the ccpA mutant might suggest the involvement of CcpA in gene activation as occurs for other lactic acid bacteria (19, 34) , but this will need further investigations.
␤-Glucosidase activity was analyzed by assaying the hydrolysis of salicin in whole cells of L. plantarum LM3 (wild type) and LM3-2 (ccpA::cat) grown in MRS medium supplemented with 2% glucose or 0.4% salicin. In agreement with our previous findings (22) , salicin utilization in the wild-type strain, grown on glucose as a sole carbon source, was about 20-fold less than in cells grown on salicin. In contrast, a less than twofold decrease was detected in the ccpA mutant strain grown on glucose compared to salicin (Table 1) . Table 2 shows that while a basal ␤-galactosidase activity in ribose-grown cells was induced by lactose in both the wild type and the ccpA mutant, and growth on glucose repressed to near zero both basal and induced wild-type activity, a marginal repression of only the lactose-induced activity was observed in the mutant.
To verify the effect of the ccpA null mutation on transcription of the bglH gene, coding the ␤-glucosidase BglH, a primer extension was performed on mRNA from wild-type and mutant strains grown in repressing and nonrepressing conditions. Figure 1 shows that bglH transcription was repressed about 10-fold in wild-type cells grown on glucose versus ribose, while the same level of bglH transcription was found in the mutant strain grown on both sugars.
These results demonstrate that expression of the genes coding the two enzymes is regulated by CcpA-mediated CCR and that for bglH, this control occurs at the transcriptional level. The residual glucose effect on the two tested enzyme activities found in mutant strain LM3-2 may be due to other CcpAindependent regulatory mechanisms such as inducer exclusion or expulsion (29, 30) . Although in principle this effect may also be due to an additional transcription factor (3), results of the primer extension experiment suggest that this hypothesis is excluded, at least for bglH transcription (Fig. 1) .
Autogenous regulation of the ccpA gene. To determine the promoter sequence and study ccpA expression in various growth conditions, a primer extension analysis was performed on total RNA from L. plantarum cells grown in MRS medium supplemented with glucose ( Fig. 2A, lane 1) or ribose ( Fig. 2A,  lane 2) . The results indicate that ccpA is transcribed from three major transcriptional start points, depending on the carbon source used. In the presence of glucose, a double band revealed two adjacent start points driven by the same promoter, P1 (Fig. 2) . Growth on ribose favored the use of an alternative upstream transcriptional start point, which allowed us to define promoter P2 (Fig. 2) . The upstream transcriptional start point overlaps with the second base of a cre site which fully matches the consensus sequence (Fig. 2B) . This finding may suggest that the activity of the upstream promoter P2 is down-regulated in the presence of an activated CcpA protein which occurs during growth on glucose, leading to autogenous regulation of the gene. This was further investigated by testing ccpA transcription in mutant strain LM3-2. In the absence of CcpA, P2 was the main functional promoter driving transcription from the upstream start point during growth on either glucose (Fig. 2A, lane 3) or ribose ( Fig. 2A, lane 4) , which confirms autogenous regulation of the gene. Autogenous regulation of ccpA has been described for the closely related L. pentosus (20) , sharing 95% identity with L. plantarum CcpA, and for Staphylococcus xylosus (6) , while constitutive expression of ccpA has been found in B. subtilis (26) , B. megaterium (13) , L. casei (27) , and Streptococcus thermophilus (34) .
The presence of two promoters, one of which active during CCR, seems to ensure constant levels of ccpA transcripts under different growth conditions. Analysis of CcpA-cre binding. To assess the function of CcpA in DNA binding, we performed an in vivo footprinting analysis of a cre sequence in wild-type and ccpA mutant cells. Our previous in vivo footprinting experiments on the crecontaining regulatory region of the L. plantarum bglH gene strongly suggested the occurrence of CcpA-cre binding (22) . We extended this analysis to both the wild-type and ccpA mutant. Chromosomal DNAs of LM3 and LM3-2 cells grown on glucose or on salicin were methylated with DMS during exponential growth. The analysis was focused on the G residue in position 13 (bottom strand) of the bglH cre protected from DMS attack during growth in the presence of glucose (22) . The experiment in Fig. 3 shows that the analyzed G residue was protected in wild-type cells grown on glucose (lane 2) but not in those grown on salicin (lane 1), while no protection was observed in the mutant cells grown on either salicin (lane 3) or glucose (lane 4). This result demonstrates the involvement of CcpA in transcriptional regulation of the bglH gene.
To our knowledge, this is the first demonstration of the occurrence of CcpA-cre binding in vivo.
